Indoor and outdoor air pollution monitoring may indicate potential human exposure to air contaminants. Individual and population exposures to air contaminants depend upon many factors including time spent outdoors and indoors, permeability of housing structures, and mobility within a community. In this report, we illustrate an approach for using long -term air monitoring to establish patterns or changes of environmental exposures, improve validity and representativeness of data, and prevent exposure misclassification. Long -term air monitoring for hydrogen sulfide ( H 2 S ) at 14 Dakota City, Nebraska, residences identified differences in area -wide concentration levels, geographic locations, and seasonal exposures. Air data for 1999 indicated that Dakota City residents were repeatedly exposed, both indoors and outdoors, to moderate levels ( 90 parts per billion [ ppb ] ) of H 2 S. Using GIS modeling and kriging, we produced a geographic gradient of exposure estimate or map for ambient H 2 S. These findings formed the basis for designing two health investigations for this community.
Introduction
Researchers have noted the inadequate characterization of exposures to air pollution in a number of environmental epidemiologic studies involving short -term or limited community exposure measurements 1 . Poorly characterized exposure reduces the ability to detect potential impacts on health outcomes. This inability to accurately measure health effects limits the value of research to the affected community and decision makers ( White et al., 1999 ) . In 1999, a citizen group in Dakota City requested the Agency for Toxic Substances and Disease Registry (ATSDR ) to conduct a health study to evaluate potential adverse health effects from exposure to hydrogen sulfide (H 2 S ). The goal of the monitoring project was to produce a quantitative exposure estimate for repeated and longterm exposure to H 2 S for the population of Dakota City and adjacent South Sioux City, Nebraska. The overall characterization of exposures to H 2 S would then be used to decide whether it would be possible to measure the association between differences in H 2 S levels and health outcomes in this community.
Dakota City and South Sioux City (hereafter referred to as Dakota City ), population 14,000, is an agribusiness community located in northeast Nebraska and bordering Sioux City, Iowa. The larger Nebraska -Iowa metropolitan area has 13 point sources of H 2 S. Dakota City has eight man -made sources of H 2 S including a large beef -slaughter and tannery operation with liquid -waste lagoons, a truck wash, and municipal sewage treatment works and lift stations. Emissions rates from these sources were unknown; however, an industry polluter was believed to be a major emitter of H 2 S and was estimated to release approximately 1900 lb per day of H 2 S ( personal communication with US Environmental Protection Agency [EPA], 2001; ATSDR, 1997 ) . In response to odor and health complaints, local officials established an odor hotline, which received 200 calls in 2 years. From September 1995 to November 1999, outdoor measurements of H 2 S registered in excess of 1 part per million (ppm ) 275 times (Lockheed, 2000 ) . The highest 1-min concentration was 37 ppm ( personal communications with Nebraska Department of Environmental Quality [ NDEQ ], 1997 ). In 1998, NDEQ promulgated the standard for total reduced sulfur ( TRS ) of 100 parts per billion (ppb), measured as the highest 30 -min rolling average. Since 1998, the TRS standard has been exceeded almost monthly in Dakota City. NDEQ has determined that virtually all of the TRS in Dakota City consists of H 2 S ( EPA, 2000 ) . An ATSDR exposure investigation concluded that local exposures to H 2 S may pose a threat to public health ( ATSDR, 1997 ).
The objectives of this air study were (1 ) to characterize concentration levels, geographic locations, and seasonal exposures for H 2 S and (2 ) to model the air data to produce a scientifically valid exposure estimate for H 2 S.
Methods
Air Monitoring ATSDR and EPA cooperatively developed the 1999 airmonitoring plan for Dakota City and in consultation with interested residents. In order to determine whether exposure to H 2 S was occurring throughout Dakota City and ascertain possible variations in exposures, we requested the assistance of volunteer residents. Monitoring locations were selected based on the following considerations: proximity of residences to point sources of H 2 S and TRS, density of housing, history of odor complaints using the local odor hotline database, area wind patterns, and state and federal air pollution data, including the ATSDR exposure investigation (ATSDR, 1997 ). Sixteen Zellweger single point monitors (SPMs) with ChemKey and Chemcassette detection system (Mda Scientific/Zellweger Analytics, 1997), a colormetric device, were deployed at 14 residences (Figure 1) . The monitor had a detection range of 2 to 90 ppb, and was programmed to poll for an H 2 S concentration every 5 min. The 16 -monitor network was configured as follows: 5 outdoor stations (locations 4, 5, 11, 13, and 14 ) , 3 combined outdoor and indoor stations (locations 7, 8, and 10 ), and 5 indoor stations ( locations 1, 2, 3, 9, and 12 ). Indoor monitoring was restricted to the first floor of a household, and away from a bathroom and floor drains. To improve community participation and data collection, participating 
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households received a detailed and illustrated tip sheet along with a 24 -h technical assistance phone number. 1999 TRS data were obtained from the state environmental department website.
Data Management and Modeling
The H 2 S data was converted, processed and formatted in Excel, and consisted of monthly highest 15 -, 30 -, and 60 -min rolling averages for each monitor. ARCVIEW version 3.1 was the primary means of analyzing the data. Universal kriging, an estimation procedure, was used to simulate or predict H 2 S levels between two or more nearest monitoring locations ( Kinney et al., 1998; Mulholland et al., 1998; Georgopoulos et al., 1997 ) . For universal kriging, we used the monthly highest 60 -min rolling average concentration for each of the 14 residential locations. For modeling, the authors used outdoor H 2 S data when both outdoor and indoor monitoring was performed at a same location. To improve accuracy, modeling included the area 500 m beyond the outermost monitoring locations. Illustrations representing monthly H 2 S concentrations as isopleths or contour lines were created. Based on modeling, we enumerated households by level of exposure using 1990 Census data and field observation of newer housing subdivisions.
Results
Fourteen of 23 volunteer residences were selected for H 2 S monitoring. Furthermore, 13 ( 93% ) residences successfully completed the 9 -month monitoring study. A descriptive analysis is provided in Table 1 . The maximum number of days monitored at a given location was 269 days (February 5 to October 31, 1999 ). Completeness of monitoring data ranged from 100% to 87%, with a mean of 96%. Loss of data was due to equipment malfunction or interruption of electrical power. Because of lack of confidence, results do not include location 6. Instead, this monitor was reestablished as ambient monitoring location 7 in July 1999.
Concentration Levels
For approximately 70 h (1% of time monitored), instantaneous levels of H 2 S were at least 90 ppb ( ceiling limit of detection ) and exposures occurred repeatedly over the 9 -month period. Monitoring locations with the greatest amount of cumulative minutes of exposure 90 ppb were as follows: locations 1 (indoor ), 5, 8, 4 and 7. For 87 h (1.2% of time monitored ), instantaneous levels of H 2 S exceeded 70 ppb; these exposures occurred repeatedly for Dakota City proper. For Dakota City proper and neighborhoods in the southernmost part of South Sioux City, H 2 S levels met or exceeded 90 ppb on 46 occasions. Almost monthly we observed same -day elevated ambient H 2 S levels at two or three monitoring locations in the Dakota City vicinity. On these same days, measurement of TRS, a surrogate for H 2 S, was as high as 400 ppb (data not shown). The highest repeated exposures occurred at location 1 in Dakota City proper, followed by locations 2, 5, and 8 in Dakota City proper and the southernmost part of South Sioux City, respectively. For these locations, the monthly highest 15 -, 30 -, and 60-min rolling average concentrations often were 90 ppb (16 times for the hourly concentration alone; Figures 2 and 3) . Indoor monitoring (locations 1 -3, 7, 8, 9, 10, and 12) 
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verified migration of the gas inside homes overnight. Permeability of housing and homeowner ventilation practices influenced indoor concentration and duration of exposure to H 2 S. Very low concentrations of H 2 S were observed for South Sioux City, especially in the northern neighborhoods where sporadic exposures generally stayed below 10 ppb. For less than 1% of time monitored, the monthly highest 15 -or 30 -min average concentrations registered between 24 and 65 ppb. For location 12 ( indoor ), the highest 15-min concentration was below 40 ppb.
Throughout this project, higher concentrations of H 2 S were measured between 9 p.m. and 8 a.m. ( data not shown). This overnight exposure phenomenon may be attributed to calmer, cooler meteorologic conditions based on data collected, density of H 2 S, and possibly man -made influence ( e.g., sewage flows, business operations ). Higher exposures frequently occurred on Thursday through Sunday ( data not shown). Man -made sources or influences were the likely cause of this variation by day of week. Overall, higher concentrations, indoor and outdoor, were noted for Dakota City proper with repeated exposures of 90 ppb, and in neighborhoods surrounding monitoring locations 7 and 8 ( southernmost part of South Sioux City ).
Geographic Locations
Dakota City proper was exposed to H 2 S repeatedly, at higher concentrations and for a longer time compared to South Sioux City. Monthly levels of 90 ppb were recorded at one or more monitoring stations except for March 1999. The 1999 TRS data also showed higher levels in Dakota City proper (data not shown). The southernmost part of South Sioux City experienced monthly repeated exposure to H 2 S, but ambient levels of 90 ppb were confined to monitoring locations 7 and 8. Indoor levels of H 2 S were appreciably lower than in Dakota City proper; usually levels stayed below 25 ppb. Overall, air monitoring showed a geographic gradient of exposure for neighborhoods increasing southward. The frequency of exposures 90 ppb was greater for neighborhoods of Dakota City proper followed by the southernmost part of South Sioux City. The northern area of South Sioux City was least exposed to H 2 S.
Seasonal Exposures
Based on empirical data, seasonal effect for H 2 S exposure was observed. Area -wide lower exposures occurred in the spring of 1999. For Dakota City proper, lower exposures were noted for February through April 1999; monthly maximum concentrations were in the range of 25 to 50 ppb. Higher exposures were observed for May through October 1999 . Air monitoring of the southernmost neighborhoods of South Sioux City registered a similar temporal effect. Higher ambient concentrations were noted for 1999 summer and fall months. During these months, a monthly maximum exposure of 90 ppb was observed; high indoor levels were recorded concurrently. A statistical test of seasonality was not performed. Major influential factors included sources, weather ( wind direction and speed, temperature ) and housing permeability. Northeastern neighborhoods of South Sioux City had fewer and lower exposures in the spring of 1999 ( 99% of the time, levels registered below 5 ppb). Seasonal higher concentrations, albeit low level, were registered in summer and fall months. The monthly maximum 15-, 30-, and 60 -min levels often stayed below 10 ppb. A 15 -min level of 90 ppb was detected only once (July 1999 ); a nearby odorous sewer was noted. Overall, H 2 S seasonal findings were comparable with 1999 TRS data (data not shown). The air monitoring recorded area -wide seasonality of exposure to H 2 S with higher exposures in summer and fall months.
Air Modeling
To evaluate 1999 area -wide exposures to H 2 S, we used kriging to create an H 2 S exposure map (Figure 4 ). TRS data were not modeled because the three monitors were located in predominantly nonresidential areas. The exposure map illustrated a geographic gradient of exposure for H 2 S. This modeled gradient was characterized by four levels of exposure: 90, >70, >50, and < 50 ppb. Above 90 ppb, the highest concentration for exposure is unknown. The area of highest exposure is a contiguous area comprising the southwest neighborhoods of South Sioux City and the northern neighborhoods of Dakota City. The area of lowest exposure is designated as the far northeast neighborhoods of South Sioux City along the Missouri River. These two areas of exposure are separated by an estimated low level ( 50 to 70 ppb) area of exposure.
Discussion
Our analysis indicates the most H 2 S impacted or exposed neighborhoods were in Dakota City proper followed by southernmost neighborhoods of South Sioux City; this determination is supported with 9 months of real -time measurements. Exposure to H 2 S was more consistent or repeated in Dakota City proper for the 9 months compared to South Sioux City, and concentrations were higher in Dakota City proper followed by the southernmost part of South Sioux City.
Select results were presented to show the output of the air monitoring plan, culminating in the spatial depiction of estimates of H 2 S exposure using a kriging technique. An underlying premise of this project is that ambient level of H 2 S ( and corresponding but lower indoor levels ) are meaningfully related to personal, involuntary exposures. An outcome of this project was a modeled community -wide exposure map that illustrates a statistically interpolated spatial ( surface ) gradient of exposure to H 2 S. The map helped investigators to identify, characterize, and illustrate population exposures to H 2 S. Selection of the low-level detection cassette (2 to 90 ppb) aided the identification of a relative unexposed neighborhood; a methodological approach that yielded informative, defendable findings. The project's extensive data collection, analysis, along with spatial modeling of H 2 S, provided a more comprehensive exposure assessment or estimate than a strategy based solely on distance -to -source (Georgopoulos et al., 1997; Kinney et al., 1998) . GIS and kriging techniques yielded a community -wide exposure estimate of improved spatial resolution. The investigator -imposed distance restriction ( 500 m ) along with kriging increased our confidence in the estimates. For monitoring under varying meteorologic and pollutant conditions, the tapemeter's reliability, gas specificity, and low cost of operation demonstrated its ''in the field'' utility.
The success of this project was due in part to community assistance, cooperation, and support. The sustained participation of 13 out of 14 residences for the 9-month monitoring project demonstrated the level of support, as did the high level of data completeness. This provided a strong basis for conducting spatial modeling and statistical analyses. Project limitations include the measurement error of the tapemeter ( ± 25% accuracy ), degree of incomplete monitoring ( 13% of time ), and the difficulty of interpreting a composite isopleth map.
We selected two residential or geographic areas, highest ( 90 ppb ) and lowest ( < 50 ppb ) modeled exposure, for a subsequent study of neurobehavioral outcomes. The good physical separation between the two areas helped to prevent exposure misclassification. The number of households was determined using the 1990 Census data and by field observations of newer subdivisions yielding an adequate number of households for a health study. Data from this project is being used for a time -series analysis of the relationship between ambient H 2 S and TRS levels and hospital visits for respiratory diseases in Dakota City. In summary, the use of spatial modeling enhanced the community -wide exposure estimate for H 2 S.
